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We report the results of first principles molecular dynam-
ics simulations of the adsorption of Si and N atoms on a Si-
terminated p(2x1) SiC(001) surface. In particular, we discuss
different structural models for the Si-rich (3x2) surface, and
the adsorption of 1/8, 1/2 and 1 monolayer nitrogen on the
p(2x1) surface. Our simulations show that a SiC(001)-p(2x1)
surface covered by a nitrogen monolayer is an inert substrate
which inhibits growth.

Subject category : semiconductor surfaces

L. INTRODUCTION

Silicon carbide is an attractive material for high tem-
perature micro- and optoelectronic devices [1] because of
its wide band gap, high thermal conductivity, high hard-
ness and chemical inertness. Having a small lattice mis-
match with GaN, SiC has also emerged as a promising
substrate for the growth of nitride-based devices [1,2].

A thorough understanding of SiC surfaces properties is
an important prerequisite for successful technological ap-
plications. The Si terminated (001) surface of the cubic
SiC has been widely studied [3]. Deposition of extra Si
on the Si terminated p(2x1) surface lead to a saturated
(3x2) reconstructed surface. There is still a controversy
about the structure and the coverage of this reconstruc-
tion (3], and very little is known about the growth pro-
cesses of, e.g., nitride materials on SiC. Experimentally,
the Si-SiC(001) surface is the substrate of choice [4] when
growing cubic GaN on $-SiC. GaN and SiC have a small
lattice mismatch and very similar mechanical and ther-
mal properties. However, the interface between the two
materials has not yet been well characterized experimen-
tally. Furthermore most theoretical studies of SiC and
nitride interfaces have concentrated on static properties
of sharp interfaces [5]. No attempt has been made so far
to dynamically model the adsorption of either Ga or N
on a SiC substrate.

Here we summarize the results of several calculations
of the adsorption of Si [6,7] and N [8] atoms on the Si-

terminated SiC(001) surface, as obtained by performing
first-principles molecular dynamics simulations both at
zero and finite temperature. Our computations were
done within Density Functional Theory, using the Local
Density Approximation. We used pseudopotentials [9]
and a plane wave basis set, which allowed us to perform
systematic checks on the accuracy of computed quanti-
ties. The energy cutoff were 36 Ry (42 Ry) for the study
of the Si (N) deposition, respectively. In order to make
contact with STM experiments, the tunneling current
I{z,y,2;V), and its derivative with respect to applied
voltage V' have been computed for selected, optimized
surface geometries. The calculations have been carried
out using the Tersoff-HHamman approximation [10], where
OI(x,y,z;V)/0V « Z;|¢i(z,y,2)*f'(e; + V). Here
¥i(z,y,2) and ¢; are single particle wavefunctions and
eigenvalues, respectively, V' indicates an applied voltage
and f' is the derivative of the Fermi distribution. We
refer the reader to the original papers for the details of
our first principles simulations [6-8].

II. ST ADSORPTION

In a previous paper [11] we have discussed the geome-
tries of both the p(2x1) and the c¢(4x2) reconstructions
of Si-SiC(001). In agreement with Sabisch et al. [12],
we have found that the p(2x1) reconstruction is char-
acterized by dimer rows, with dimers much longer (2.6
A) than those of Si(001) (~ 2.3A). At present, this has
not been confirmed experimentally, and the only fit to
LEED data available in the literature points at shorter
dimers [13]. However very recent ARUPS data [14] are
consistent with models implying a weak bonding of the
Si dimers. Furthermore, we have found [11] that strained
SiC samples exhibit a c(4x2) surface geometry, charac-
terized by alternating unbuckled short and long dimers,
the short dimers having a component perpendicular to
the surface smaller than the long ones. The dimer bond
lengths are 2.54 and 2.62 A in the case, eg,of a3 %
strained bulk. This surface geometry is in agreement
with the alternating-up-and-down-dimer (AUDD) model



proposed on the basis of STM experiments [15-17].

In our study of Si adsorption on SiC(001), we first
considered a Si ad-atom and optimized two different sur-
face geometries, with an extra atom between and on top
of p(2x1) dimer rows, respectively. The configuration
of minimum energy corresponds to the adatom sitting
between rows, at 0.9 A from the surface and forming
four long (2.50 A), equivalent backbonds with the sur-
face atoms (see Fig. 1). In Si-SiC(001) the distance be-
tween rows is much smaller than in Si(001), and thus
the adatom can find a symmetric site between rows.On
the contrary, an adatom on Si(001) privileges a specific
row, forming only three back-bonds, two with atoms of
the first surface layer and one with an atom of the sec-
ond surface layer [18]. The presence of an adatom on
Si-SiC(001) causes the surface tension to increase by a
few percent.

FIG. 1. Geometries of an adatom (left panel) and an
ad-dimers (right panel) on top of a Si-SiC(001) surface, as
optimized in our calculations (see text). Black and white
spheres represent C and Si atoms, respectively.

We then considered ad-dimers on a p(2x1) terminated
surface in order to determine a stable geometry. Recent
measurements [19] suggest that these ad-dimers are per-
pendicular to the rows, in agreement with the results
of ab-initio calculations [20]. On the other hand STM
experiments [21] have reported lines of dimers on Si-
SiC(001) being parallel to p(2x1) dimer rows, and this
could suggest an ad-dimer geometry parallel to the rows.
We have considered an ad-dimer between rows and op-
timized the total energy for geometries parallel {22] and
perpendicular to the p(2x1) dimer rows. We have found
that the perpendicular ad-dimer has a total energy about
0.6 eV lower than the parallel one. We note that the ad-
dimer bond length is much smaller than those of surface
dimers, 2.28 A, and thus the chemical bond of the ad-
dimer is expected to be rather different from that of the
weak, much longer surface dimers. The two atoms of the
ad-dimer, which is buckled, form respectively two bonds
of about 2.35 A and 2.38 A with surface atoms and sit
at ~ 1.4 A and ~ 1.7 A from the surface.

Further deposition of Si atoms on p(2x1) Si-SiC(001)
lead to the saturated (3x2) reconstruction. Three differ-
ent atomic configurations, depicted in Fig. 2, have been

suggested in the literature. In the Double Dimer-Row
(DDR) model, propesed by Dayan [23] and apparently
supported by other experimental studies [24-27], there
are two Si ad-dimers on top of the full Si layer (Fig. 2.a).
The resulting coverage fg; = % is in contradiction with
the measured fg; value of % claimed by several groups
[28-30]. The straightforward extension of this model to
the (5 x 2) reconstruction is also inconsistent with the
measured coverage [29]. Moreover, this model is not sup-
ported by some STM studies [31,32]." Another model,
ADDed dimer-row (ADD), was first suggested in an early
study by Hara et al [28]. This configuration, with one
Si ad-dimer per unit cell (Fig. 2.b), corresponds to the
measured coverage for the (3 x 2) and (5 x 2) reconstruc-
tions. However, though it appears consistent with sev-
eral experimental data, both empirical [33] and ab initio
[20] calculations have shown that it is not energetically
favored. Furthermore, STM investigations do not sup-
port this model [24,31]. Another %— coverage model, the
ALTernate dimer-row (ALT), was proposed by Yan et al
[20]. This configuration is supported both by calculations
[20,33] and by STM studies [31,32]. However, it cannot
account for the observed relation between single domain
LEED patterns with (2x1) and (3x2) periodicities [3,34].
Tt also fails to explain the (3 x 1) reconstruction observed
after O or H adsorption [23,24]. Here we have considered
only models with Si ad-dimers which are perpendicular
to the dimers on the underlying Si surface. Indeed, our
calculations have shown that a single parallel ad-dimer
is energetically much less favored than a perpendicular
one.

The relaxed atomic structures computed for the three
models are shown in Fig. 2. In the DDR geometry, one
ad-dimer is strongly tilted (6z = 0.62 A) and has a short
bond length (d = 2.26 A) while the other, weakly bound
(d = 2.66 A), is almost flat (§z = 0.03 A). The inequiva-
lence of the two ad-dimers disagrees with simple expec-
tations [23,24] and with previous calculations by Kita-
batake et al, who found two flat ad-dimers for the DDR
model [35]. A single flat and weakly bonded ad-dimer
(d = 2.62 A) is obtained in the ADD model, the geom-
etry being close to that previously obtained by Yan et
al in a calculation similar to ours [20]. Finally, in the
ALT model, the ad-dimer is strongly tilted (§z = 0.5 A)
and strongly bound (d = 2.24 A), in good agreement
with previous calculations [20]. The length of the weak
Si dimers in the underlying surface layer is close to the
value computed for the (2 x 1) reconstruction.
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FIG. 2. Ball-and-stick representation of the relaxed atomic

structures for the DDR (a), ADD (b), and ALT (c) models of
the (3 x 2) reconstructed surface of SiC(001). d and §z are the
distance and height difference between adatoms, respectively.
Only the ad-layer and the first underlying Si layer are shown
for clarity.

Total energies of the three models of Fig. 2 have been
compared using the grand canonical scheme [36]. We
found that the ALT model is the most stable configura-
tion over the entire allowed range of the Si chemical po-
tential. However, the energy difference between ALT and
DDR. obtained under Si-rich conditions is only 77 meV
per (3x2) cell, i.e. within our error bar (estimated to
be 0.3 eV from cutoff and Brillouin zone sampling tests).
These results are in agreement with recent localized or-
bital total energy calculations [37].

Several experimental STM studies of the (3 x 2) re-
construction are currently available [24,31,38,39]. In or-
der to make contact with these experiments, filled states
constant-current STM images of the three models of
Fig. 2 have been calculated. Representative images are
shown in Fig. 3. In both the DDR and ADD mod-
els we find strings of peanut-shaped spots, originating
from a slight overlap between maxima on adjacent flat
ad-dimers. For the DDR model, additional maxima are
located on the up adatoms of the tilted ad-dimers. The
resulting images are incompatible with the experimental
observations of a single oval spot per 3 x 2 cell, stretched
in the [110] direction. On the other hand, in the ALT
model the spread out stretched spots located above up

adatoms of the tilted ad-dimers are in accord with exper-
imental STM images of filled states [31]. In view of our
energy and STM calculations, the ALT model is likely to
be the structure underlying the (3x2) reconstruction.

(b)

(c)

(110]

(110

FIG. 3. Calculated constant-current STM images (bias
V = —1 V) for the DDR (a), ADD (b), and ALT (c) models
of the (3 x 2) reconstructed surface of SiC(001)

III. N ADSORPTION

With the aim of modeling the initial stages of cubic
nitrides growth on 8-SiC, we have investigated [8] the
deposition of nitrogen atoms on the Si terminated (001)
surface (Si-SiC(001)), by means of first-principles simu-
lations [40].

In our simulations, we first placed N atoms on top of
the Si-SiC(001) surface in selected sites, at a fixed dis-
tance (2.2 A) from the Si-atoms of the substrate; the
potential energy of the whole slab was then optimized
s0 as to determine the configuration of minimum en-
ergy. No attempt was made to evaluate energy barriers.
We considered coverages of 1/8, 1/2 and 1 monolayer
(ML). In all cases, the initial condition for the substrate
was the dimer row p(2 x 1) reconstruction of Si-SiC(001)
[11,13,15]). The structural properties of this surface can



be easily changed upon application of stress [11], ¢

of defects [6,15], and variation of the temperatur

is therefore likely that important rearrangements of the
substrate can occur upon N deposition.

FIG. 4. Nitrogen adsorption sites on the p(2x1) recon-
structed Si-SiC(001) surface (see text). Si and C atoms are
represented as grey and black spheres, respectively. N is rep-
resented as a small grey sphere. Site D is on top of a surface
dimer. Sites BD (Between Dimers) and BR (Between Rows)
are between two dimers within or in adjacent dimer rows, re-
spectively. On an ideal surface sites D and BR are equivalent.
Site C is a hollow site at equal distance from four surface Si
atoms. Adsorption at sites D and BR corresponds to the con-
tinuation of the zincblende stacking sequence of (001) planes
(ABCA): we call these sites zincblende sites.

In Fig. 4 we show a top view of the p(2 x 1) recon-
struction of SiC(001) within our ¢(4 x 4) 2D cell. The
projections on a (001) plane of the N adsorption sites are
indicated. For a 1/8 ML coverage, we found that the
zincblende sites (D and BR) are degenerate in energy
and correspond to the most stable configuration. On an
ideal surface D and BR sites would be exactly equivalent
and it is not surprising that they are degenerate in en-
ergy for a surface like Si-SiC(001), exhibiting a very weak
reconstruction. The C configuration (see Fig. 4) is unsta-
ble {an adatom placed in C spontaneously moves to the
site BR ), whereas BD is a metastable geometry about 1
eV /adatom higher in energy than that of the zincblende
sites. In the equilibrium geometry (D or BR), the relax-
ation mechanism observed at the surface involves mostly
the adsorbate and two neighboring Si atoms, which we
will call a ”"nitridized-Si-pair”. In the optimized config-
uration, N-Si distances are 1.7 A, slightly shorter than
the corresponding bond length in SizNy (1.74 A) [42]. In
both BR and D sites, the distance between Si atoms im-
mediately below the adatom is slightly smaller than on
the clean surface; on the other the dimers adjacent to N
atoms are significantly elongated, with Si atoms essen-
tially occuping the positions of an ideal surface. At 1/8
ML coverage, the highest occupied electronic states are

antibonding states originating from Si-dimers, similar to
the clean p(2x1) reconstruction [11].

At a coverage of 1/8 ML we have also carried out a
calculation with 16 atoms/layer and two nitrogen adsor-
bates. We observed the formation of two areas with iden-
tical structure around each N atom, having the same ge-
ometry as the one determined with our 1 ad-atom/layer
calculation.

At a coverage of 1/2 Nitrogen ML, we have studied
adsorption at the sites BD and BR, i.e. corresponding
to the metastable and stable sites for 1/8 ML coverage.
Upon adsorption of all nitrogen atoms at BR sites, we
observed the formation of nitridized Si-pairs; adsorbing
all nitrogen atoms at BD sites yields instead a metastable
configuration which is about 1 eV/adatom higher in en-
ergy than that of BR sites. These results are similar to
those obtained for a 1/8 ML coverage. However struc-
tural changes in the substrate are more significant at
1/2 than at 1/8 ML. The N-Si distances are 1.62-1.69
A (smaller than in the case of 1/8 monolayer ) and the Si
pairs under the adatoms are buckled, i.e. Si atoms change
their relative coordinate in the direction perpendicular to
the surface by about 0.1 A. We can picture the surface
as fully covered with a periodic arrangement of nitridized
buckled Si pairs. At this coverage the electronic states
close to the top of the valence band are localized on the
N adatoms.

We also studied a configuration in which N forms Ns
dimers, with each nitrogen being threefold coordinated
and bonded to two Si atoms. This configuration is only
0.06 eV/adatom higher in energy that that of nitridized
Si pairs.

&

FIG. 5. Top view of the Si-SiC(001) surface covered by
one nitrogen monolayer. Si and C atoms are represented as
grey and black spheres, respectively. N is represented as a
small grey sphere. The arrangement of Ny dimers in a p(2x1)
pattern on top of the surface is apparent.
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FIG. 6. Electronic density of occupied states of the SiC slab
terminated by one nitrogen monolayer. Nitrogen 2s states
are located at the bottom of the valence band (see arrow on
the left hand side), whereas nitrogen lone-pair-like states (see
Fig. 4) are at the top of the valence band (see arrow on the
right hand side), giving rise to a distinctive peak which is
absent in the clean, uncoated surface.
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The energetics of N adsorbed on Si-SiC(001) changes
dramatically when going to a coverage of 1 ML. We have
considered adsorption at all the sites displayed in Fig 4.
Nitrogen atoms can be adsorbed at zincblende sites, but
these correspond to a metastable configuration. When
heating the system to about 500 K, the adatoms rear-
range so as to form long (1.59 A) unbuckled N, dimers,
with each N bonded to two Si atoms, in a hydrazine-like
arrangement (NoH, is a non planar molecule, with N-N
distance equal to 1.47 A). We call this configuration a
nitrogen wet surface. This geometry, shown in Fig. 5,
is 0.75 eV/atom lower in energy that the metastable
zincblende geometry. The N-Si bonds (1.82 A) are longer
than in nitridized Si pairs and the Si-N-Si bond angles
are slighlty larger (~ 112 deg, against 108 deg.). While
the bond length of Si-Si surface dimers is not substan-
tially modified (2.6 A), some Si-C bonds are considerably
elongated (up to 1.90 A), thus modifying the ionicity of
heteropolar bonds close to the surface. In this stable con-
figuration the first surface layer is perfectly coated, with
no dangling bonds, yielding an inert, insulating subtrate.
The computed energy gap between valence and conduc-
tion states is about 1 eV. Given the usual underestimate
of energy gaps obtained within the LDA approximation,
we expect the actual gap to be larger than 1 eV. The
states at the top of the valence band (see Fig. 6) are
spatially localized on N atoms and exhibit a lone pair
character, similar to that of the highest occupied state of
the NoHy4 molecule. These are shown in Fig. 7.

FIG. 7. Plot of the square modulus of the highest occupied
orbital of the slab, localized on N atoms. Only bonds between
atoms are displayed.

We also considered other geometrical arrangements of
1 ML adatoms, to investigate whether interface mixing
could be energetically favored. When N adatoms are
placed on top of Si atoms, they relax towards a disor-
dered structure, much higher in energy than that of the
metastable zincblende geometry. Indeed in this disor-
dered geometry a large number of dangling bonds are not
saturated. On the other hand, placing N in C sites (see
Fig. 4) leads to interface mixing: N is incorporated into
the substrate and both N-C and N-Si bonds are formed.
The mixed interface with lowest energy was found when
heating the whole slab at 300 K, during the optimization
procedure. This configuration is about 0.2 eV higher in
energy than the metastable zincblende geometry.

|| Coverage| Geometry | Ey, (ev/ad-atom) ”
1/8 nitridized-Si-pairs 0.0
1/2 nitridized-Si-pairs -0.1
1 nitridized-Si-pairs +0.35
1 nitrogen wet surface -0.4
TABLE I. Binding energies (E,) of the nitridized

Si-SiC(001) surface as a function of coverage, referred to
the value obtained for 1/8 ML. Ey = [En-sic - Esicl/n
-En2/2, where En-sic and Egic are respectively the total
energies of the nitridated and of the clean, reconstructed
Si-terminated SiC(001). Enz is the computed total energy
of the Ny molecule and n = 2, 8, 16 is the number of N atoms
in our slab (containing 2 equivalent surfaces) at 1/8, 1/2 and
1ML coverage, respectively. The binding energy obtained at
1/8 ML is -1.2 eV; this number is expected to be an over-
estimate of the binding energy since the LDA error on the
binding of the N molecule is expected to be larger than that
on the binding of N to the surface.



In order to investigate whether a full nitridization of
the Si-SiC(001) surface is favored from an energetic point
of view, we computed the binding energy of the surface,
against dissociation into the p(2x1) reconstructed sub-
strate and Ny molecules, as a function of coverage. Our
results are displayed in Table I. We find that a 1 ML cov-
erage is unfavored if N atoms sit in zincblende adsorption
sites, while it is favored for a nitrogen wet surface. Ex-
perimentally [43,44] full nitridization of the Si-SiC(001)
surface was not observed for coverages higher than 0.6-
0.7 ML, when operating at high temperature (T~ 800-
1000 C). This may indicate that under these conditions
zincblende sites become stable and that nitrogen wetting
of the surface can be achieved only at low temperature.

IV. CONCLUSION

To summarize, we have performed plane-wave pseu-
dopotential calculations for the deposition of Si and N
atoms on the Si terminated SiC(001) surface.

Regarding Si adsorption, we found that a Si ad-dimer
perpendicular to the underlying p(2x1) row is favored
compared to a parallel one. We have investigated three
different structural models for the (3 x 2} reconstructed
B3-SiC(001) surface. Our energy and STM calculations
favor the ALT model and exclude the DDR and ADD
models, although some ambiguities remain.

In the second part of the paper, we have investigated
the nitrogen deposition on SiC(001). For coverages less
than and equal to a 1/2 monolayer, nitrogen atoms are
preferably adsorbed at zincblende sites and form ni-
tridized Si-pairs. At 1/2 ML the formation of these
complexes significantly modifies the p(2x1) reconstruc-
tion of the substrate, leading to changes in the bonding
of surface dimers. At 1 monolayer, zincblende absorption
sites are metastable: our finite temperature simulations
predict the formation of hydrazine-like N,Siy complexes
coating the first surface layer. Only in this configura-
tion full nitridization of the surface is energetically fa-
vored. QOur results indicate that prenitridization of SiC
substrates is an undesirable feature in nitride growth,
leading to a complete surface coating. Finally we note
that wetting SiC surfaces with nitrogen could be used to
enhance the mechanical properties of crystalline SiC [45],
similar to amorphous SiC [46].

We are thankful to A. Rizzi, V. M. Bermudez, P. Souki-
assian, G. Dujardin for fruitful discussions. L.P. acknowl-
edges the Swiss National Foundation program NFP36
and the Italian National Research Council (CNR) for fi-
nancial support. Work done at the Lawrence Livermore
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partment of Energy, Office of Basic Energy Sciences, Di-
vision of Materials Science, Contract No. W-7405-ENG-
48, and at the Swiss Center for Scientific Computing
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